Many examples of local magnetic anomalies in the vicinity of active faults have been reported, although the association of magnetic anomalies with active faults has not been well established. Aiming at studying local magnetic anomalies, we made magnetic surveys in Beppu Bay, Southwest Japan, where many active faults have been found through acoustic sounding. Along individual survey profiles, we found many magnetic anomalies seemingly associated with active faults, but in the contour maps of the geomagnetic total intensity and the shaded relief maps, no clear lineation-like feature could be identified. Profile data could be interpreted in terms of either a model of spatial magnetization variation or a model of magnetic basement undulation. The former model implies the correspondence of a low magnetization zone to a fractured zone, whereas the latter model suggests the depression of magnetic basement.
Introduction
Much attention has recently been paid to measurements of the geomagnetic total intensity in the vicinity of an active fault, and many examples of local magnetic anomalies have been reported (e.g. Brabb and Hanna, 1981; Honkura et al., 1985; I §ikara et al., 1985; Ohshiman et al., 1987; Honkura and I §ikara, 1991; Makino et al., 1991; Okubo et al., 1991; Tuncer et al., 1991a, b) . In particular, the examples obtained in the North Anatolian Fault Zone Honkura and I §ikara, 1991) are the most representative ones and the observed anomalies could be interpreted in terms of highly magnetized dike-like bodies lying along the active faults (I §ikara et al., 1985) . Such an interpretation has provided information on the surface extension of a fault plane as well as its inclination.
It has also been pointed out that a weakly magnetized zone extends along an active fault (e.g. Honkura and I §ikara, 1991; Okubo et al., 1991) . Such a zone has been interpreted as corresponding to a fractured zone created by repeated displacement of the fault plane, as supported by field evidence (Honkura and I §ikara, 1991) .
Most of these local anomalies were detected from local ground surveys; in particular, measurements were made at a spatial interval of 25 or 50 meters along profiles across the surface faultline. Conventional aeromagnetic survey data are not useful for identifying very local anomalies, because the measurement altitude is usually too high and spatial sampling is insufficient. It should be remembered here that the typical scale length of local anomalies is several hundred meters at longest even for anomalies along extremely active faults such as those in the North Anatolian Fault Zone .
Ground surveys have some disadvantages; for instance, homogeneous sampling cannot usually be guaranteed because of artificial obstacles such as houses and also because of bad topographic t Ishikawajima Harima Industry Co Ltd., Tokyo 100, Japan. 501 conditions. One effective way to avoid such difficulty is to make an aeromagnetic survey at low altitude; helicopter-borne surveys and even blimp-borne surveys are now possible (Makino et al., 1991) .
Another powerful means is a ship-borne survey in a shallow sea area; for instance, there are many active faults in shallow seas (The Research Group for Active Faults, 1980) . One typical area would be Beppu Bay where multichannel seismic reflection and gravity surveys disclosed many faults in the sedimentary layer covering the depressed basement (Yusa et al., 1992) . Recent extensive acoustic sounding has also provided many examples of clear vertical offsets of sedimentary layers indicating recent fault activity (Shimazaki et al., in preparation) .
On one occasion, a preliminary magnetic survey was made together with acoustic sounding and it revealed some magnetic anomalies which are seemingly associated with active faults. We felt then that Beppu Bay should be a very suitable area for studies of the association of magnetic anomalies with active faults, and decided to make more extensive magnetic surveys preferably together with acoustic sounding. As we expected, the surveys provided many examples of magnetic anomalies associated with active faults. In this paper, we present some of them and also attempt a rather quantitative interpretation of magnetic anomalies.
Survey Area and Active Faults
Beppu Bay is located in the northeastern part of Kyushu, Southwest Japan, as shown in Fig. 1 . In northern Kyushu, there exists a tectonic structure called the `Beppu-Shimabara Graben' which has been regarded as a northeastward extension of the Okinawa Trough behind the Ryukyu trench-arc system, and hence extensional crustal movements prevail in this graben area (e.g. Tada, 1984) . Beppu Bay is located in the graben and many faults have been developed; most of them still seem to be active. The distribution of active faults, as found from acoustic sounding (Nakata and Shimazaki, 1993) , in the western portion of Beppu Bay is shown in Fig. 2 together with magnetic survey tracks. Positions of the magnetic sensor were determined from GPS data. The sampling interval for magnetic measurements was set at 10 sec; this yielded the total intensity data at about 25 -15000 -14000 -13000 -12000 -11000 -10000 -9000 -$000 -7000 -6000 -5000 -4000 -3000 m spacing, since the ship speed was typically 150 m/s. The sea depth is about 40 m in this survey area. Most of these faults are probably of normal type. Strike-slip constituents cannot be estimated from acoustic sounding only. Figure 3 shows the result of a preliminary magnetic survey along a nearly north-south line located between profiles a and b in Fig. 2 . Very local anomalies amounting to about 50 nT in amplitude seem to have something to do with active faults denoted by arrows. The more extensive surveys made later confirmed this result and provided more examples of local magnetic anomalies associated with active faults, as will be described in the following sections. Figure 4 shows the eastern survey area in Beppu Bay. A main fault extends in the eastwest direction in the center of the bay and many small faults exist mostly in the north of this main fault. In this area, we made a magnetic survey together with acoustic sounding along some north-south profiles which were chosen rather arbitrarily. Nonetheless, the survey has provided important data for quantitative interpretations of magnetic anomalies with special attention paid to their association with active faults.
Magnetic Anomaly Data
Since we are interested in local magnetic anomalies, we deal with the total intensity values relative to a reference station. In this treatment, corrections for daily variations and possible storm-time variations are made implicitly. Hereafter, all the data presented in this paper should be understood as the total intensity values relative to the Aso Volcano Observatory, which is located about 80 km southwest of the present survey area (Fig. 1 ). 
Contour maps
We first derived the grid data, using the method of Briggs (1974) , to draw a contour map of the total intensity; the grid interval is 50 m for the western survey area and 100 m for the eastern survey area. Figure 5(a) shows the contour map of the total intensity in the western survey area. In this map, anomalous features associated with active faults, as found in Fig. 2 , are not recognized. This is probably because the amplitudes of large-scale anomalies well exceed those of small-scale fault-related anomalies. In fact, the contour interval is 50 nT and small-scale anomalies are hidden, so to speak, in the contour map.
In Fig. 5(b) showing the contour map of the total intensity in the eastern survey area, however, we can recognize a negative anomaly extending along the main fault. As will be shown in the next section, a notable negative anomaly was found near the main fault at most of the profiles. A series of such anomalies would give rise to a lineation-like structure in the contour map. On the other hand, small-scale anomalies found in the north of the main fault cannot be identified in the contour map. Also, the main-fault feature tends to be obscure towards the northwest.
Shaded relief maps
If we want to emphasize very local anomalies of the total intensity which will be hidden in the conventional contour map, the so-called `shaded relief map' would be very helpful. Figure 6 shows the shaded relief map for the western survey area. In this case, the light is shed horizontally from the north. Since we take the inner product of the northward unit vector and the unit vector normal to the local plane in the total intensity distribution, the bright portion indicates the southward increasing trend of the local total intensity distribution and the dark portion the northward increasing trend. In Fig. 6 , we can find no marked east-west lineation in the shade pattern, although some anomalies could be found in association with individual active faults. In this respect, we should note here that most of the faults are rather fragmentary, and hence if we treat all the data as a whole, no systematic pattern may come out. In this sense, the active faults in the western survey area may be regarded as rather minor ones.
We also constructed a shaded relief map for the eastern survey area. In this case, however, the data set turned out to be insufficient in spatial coverage and we could not even search for a continuous pattern, although anomalous features were found sporadically and these are in relation to active faults.
Interpretations

The anomaly associated with the main fault
As shown in Fig. 4 , measurements of the total intensity were made along many profiles across the main fault. We selected some of the profiles and showed the total intensity data in Fig. 7 . In this figure, the profiles, which are not necessarily straight, are projected onto the north-south direction and their positions in the north-south direction are shown by the horizontal coordinate and in the east-west direction by the vertical coordinate. The coordinate system in this figure is the same as that in Fig. 4 , so that the correspondence of each projected line in Fig. 7 to the actual profile in Fig. 4 Magnetic anomaly data along north-south profiles L1 ti L5 (see Fig. 4 ) in the eastern part of Beppu Bay. The horizontal coordinate indicates the position in the north-south direction and the vertical coordinate in the east-west direction. The coordinate system is the same as that in Fig. 4 . Arrows indicate the locations of active faults as shown in Fig. 4 ; in particular, arrows denoted by M correspond to the main fault. The arrows in Fig. 4 indicate the locations of active faults. We can again find the correspondence of local anomalies to the active faults. Here we focus our attention on the left-most anomaly characterized by a bay-like shape. This anomaly can easily be identified at all the profiles and ascribed to the main fault. In this sense, this anomaly is like a magnetic lineation. The lineation-like pattern can be recognized more clearly if a regional trend is removed, although we do not show such data here.
We then select one typical anomaly as shown in Fig. 8 , where a constant value is added to the relative total intensity values, and try to interpret it as a single anomaly caused by a dike-like body. A simple two-dimensional inversion scheme (Won, 1981; I §ikara et al., 1985 ) yielded a dike model as shown in the figure. Here the direction of magnetization is assumed to be the same as the present magnetic field direction (I N 45°) and hence the intensity is represented by the magnetic susceptibility (in emu). It should be noted that the susceptibility value is negative in this model. We should remember that we deal only with relative total intensity values and hence the negative susceptibility value implies that the magnetization of this dike-like structure is weaker than the surroundings.
Fractured zones are expected to be characterized by low magnetization, because mechanical fracturing will disturb the alignment of magnetization, resulting in the reduction of net magnetization, and possible alteration of magnetic mineral in a fractured zone will also result in low magnetization. In fact, a magnetic anomaly arising from a fractured zone was found in the North Anatolian Fault Zone (Honkura and I §ikara, 1991) . Therefore, we interpret the zone of low magnetization as corresponding to a fractured zone along the main fault . Then the dip angle of 90° implies that the fault plane is vertical at this location. The data from other profiles yield similar dike-like models. Hence we conclude that the main fault is nearly vertical, at least near the surface, and is accompanied by a fractured zone, about 100 m thick.
.4.2 Profile data Now we attempt to interpret the magnetic anomaly data, as a whole, along some typical profiles. As in the preceding subsection, we regard the anomaly as arising from a spatial variation of magnetization. In our two-dimensional inversion scheme, we first divide the magnetic half space into vertical blocks of 200 m in width and the magnetization of each block is taken as a variable to be determined from inversion. Again, we can only estimate relative susceptibility values since we deal with the total intensity values relative to the reference station. Figure 9 shows the result for profile b (see Fig. 2 ). Taking into account the sea depth and soft sediments, we assumed that the magnetic layer extends below the depth of 130 m. Crosses in Fig. 9 indicate the observed values and the solid line indicates the values derived from the susceptibility model shown in the figure. The locations of the faults bl r b6 are also shown. The magnetization tends to be high near some of the active faults. This is similar to the examples obtained in the North Anatolian Fault Zone Honkura and I §ikara, 1991) . At present, however, no physical mechanism for such enhancement of magnetization has been put forward. The above model is by no means a unique one and we can also account for the observed data with a completely different model. For instance, Fig. 10 shows a model in which the basement of constant magnetization is made undulatory; actually the undulation is represented by variable depths to each block, 200 m wide. The intensity of magnetization is taken as 2 x 10-3 emu (2 A/m). The data fit is as good as in the previous model. In fact, the rms error is 6.4 nT, whereas it was 5.5 nT in the previous model. We consider that this model is more plausible as we discuss in the next section. If we compare this model with the inclination of each fault as inferred from acoustic sounding, it turns out that these faults are of normal-fault type. Figure 11 shows a model of magnetic basement depression for profile e (see Fig . 4 ). The width of blocks is taken as 400 m and the intensity of magnetization 4.8 x 10-'emu (4.8 A/m). The rms error is 10.0 nT for this model. It is remarkable that the central area is heavily depressed and this depression seems to be associated with the faults which are also of normal type. The fault el is the so-called main fault and we ascribed the magnetic anomaly associated with this fault to a fractured zone in the previous subsection. In the model shown in Fig. 11 , a local depression can be seen near the el fault. These are not contradictory to each other . The local depression can be replaced with material of negative magnetization if the depth to the basement is to be kept constant everywhere. It is not an easy matter to judge , from magnetic data only, which is more realistic; we need additional information. Associated with Active Faults in Beppu Bay 511 
Discussion and Concluding Remarks
The aim of our magnetic surveys in Beppu Bay was to search for local magnetic anomalies and to study their association with active faults. As we have expected, we could find many magnetic anomalies from profile data, and may claim a qualitative relation between magnetic anomalies and active faults. Quantitatively, however, the association is not straightforward. For instance, in the contour maps of the total intensity and even in the shaded relief maps, no clear lineations corresponding to the fault strikes could be identified even for the western survey area where dense measurements were made. We ascribed this to the presumption that most of the faults are rather minor and their spatial extent is rather fragmentary. The eastern survey area, on the other hand, includes more developed faults, but survey profiles turned out to be too sparse to bring about any clear spatial features; in fact, the shaded relief map suggests the possibility of lineation-like structures.
Any attempts of interpreting magnetic anomaly data encounter a great problem of nonuniqueness. In fact, a spatially varying magnetization model turned out to be as good as a basement depression model. The real structure would be a combination of these two, although we have suggested that the latter model is more likely to reflect the actual structure, possibly with one exceptional case; the main fault in the eastern survey area may be accompanied by a fractured zone, which manifests itself as a local negative magnetic anomaly, as was the case for the active faults in the North Anatolian Fault Zone (Honkura and I §ikara, 1991) .
The undulation of magnetic basement was found to amount to only several hundred meters even in the eastern survey area. On the other hand, the multichannel seismic reflection profilings suggest the undulation amounting to a few thousand meters (Yusa et al., 1992) . In seismic reflection, the basement has been referred to as the Ryoke Belt and the Sanbagawa Belt (Yusa et al., 1992) . The magnetic basement may not be the same as the seismic one, although our magnetic basement model is by no means a unique one, as already pointed out; no information is available so far as to what layer the magnetic basement represents.
In spite of some ambiguities, Beppu Bay has provided an important data set for studies of magnetic anomalies related to active faults. Since the navigation of a boat with a GPS instrument is very easy now and magnetic measurements with a proton magnetometer can easily be made, similar studies in shallow sea areas should be encouraged. In fact, such a measurement has been attempted in relation to the seafloor eruption in the northeastern part of the Izu Peninsula (Honkura et al., this issue) . We believe that accumulation of more examples of magnetic anomalies associated with active faults would be important for further progress in active fault studies.
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